Two-phase flows through micro-and nanochannels have attracted a great deal of attention because of their immense applicability to many advanced fields such as micro/nano-electro-mechanical systems (MEMS/NEMS
INTRODUCTION
Molecular simulation of interfacial heat transport in two-phase flow through a nanochannel during condensation is the focus of present research. In the past decade, there has been tremendous progress in the area of design, manipulation, and application of microscale devices on smaller length scales increasingly approaching toward molecular scales. The rapid growth in engineering applications requiring high heat transfer rates in comparatively small space leads to enhanced research in the field of single-and two-phase flow heat transfer. In particular, phase change flows through micro-and nanochannels have received considerable attention wherein heat removal and rejection technologies can gain benefit from high condensation flux. Condensing flow system is as important as boiling or evaporation for heat rejection system. The fundamental understanding of condensation phenomenon in microchannel is beginning to emerge and it has far-reaching benefits for current and future applications. Two-phase flows occur widely in nature and industrial applications, including thermal management in microscale heat exchangers where two-phase flows are quite promising for removing heat effectively from high-power density devices (Garimella and Sobhan, 2003; Agarwal, 2006) . Heat transfer and flow properties are some of the important parameters crucial for engineering design purposes of micro-and nanochannel heat exchangers.
Fundamental understanding of two-phase flow characteristics in very small flow passages is of immense interest because of the enhanced heat transfer characteristics; for example, in a phase change heat exchanger, the amount of heat exchange can be much larger than that in a single-phase flow due to the release of latent heat in the former. Flow physics of two-phase flows through a nanochannel is quite different from that of single-phase flows. Furthermore, many of the mechanisms behind flow characteristics and heat transfer of two-phase flows also change from macro-to microscale (Garimella, 2004) . Hence, an accurate estimation of heat transport and flow characteristics for micro-and nanoscale flows is essential for engineering design. In this field of study, surface tension forces become much stronger than body forces with the reduced channel size and also inertial force effect becomes weaker, as noted by Serizawa and Feng (2004) . The increase in surface area provides the base for surface tension and viscous forces to dominate over the forces due to gravity (Serizawa et al., 2002) . Due to these differences, it is unrealistic to use macroscale fluid methods to micro/nanoscale fluid mechanics, which also includes new dimensionless numbers. The fundamental issue and research challenge for the condensation flow in microchannels is the dependency of flow regime and heat transfer on the stronger forces. Extrapolation of macroscopic correlations for fluid flow and heat transfer to microscales typically induces a substantial error in the pressure and heat coefficient as observed previously by Lockhart and Martinelli (1949) and Shah (1979) .
The continuum-based numerical simulations of interfacial flows with phase change are complicated because discontinuous velocity occurs on both side of the surface. There are only a small number of interfacial simulation studies devoted to phase-change phenomena in microchannels. All of these works belong to boiling, and according to the authors, no work has been done concerning condensation. On the experimental front, there are some important works that have been carried out on vapor-liquid phase-change flow through a microchannel, including Liu and Garimella (2004) , Sobhan and Garimella (2001) , Wu and Little (1983) , and Garimella and Singhal (2004) .
Efficient modeling of thermal transport across interfaces requires atomic resolution as the condensation of gas flow through a nanochannel occurs near the liquid-vapor interface. Computational modeling is a vital tool for this problem, considering the fact that experimental work at this scale is still in its infancy (Cahill et al., 2003) . The system of interest here has length scale spanning the disparate molecular diameters, and with this the fundamental assumption of continuum breaks down. The molecular dynamics (MD) method is particularly well suited to investigate the aforesaid problem as it provides a basis for understanding nanoscale interfacial transport (Poulikakos et al., 2003; Maruyama and Kimura, 1999; Nagayama and Tsuruta, 2003; Wang et al., 2007; Maruyama, 2000) . As MD method is well applied to interfacial physics, it can be used to simulate an entire solid-liquid-vapor interfacial system such as solid substrate, liquid condensate, and liquid-vapor interphase.
The liquid-vapor interface under equilibrium has been widely studied using the MD method and it is reported that molecular exchange among other molecular behaviors is most significant to the condensation of associating fluids and fluids at higher temperature (Matsumoto et al., 1994 (Matsumoto et al., , 1995 Matsumoto, 1996) . Meland (2002) deeply studied the molecular exchange pattern and mechanism and its influence on condensation coefficient. Tsuruta et al. (1999) found that the surface normal component of translational energy is a prime variable for condensation and evaporation coefficient. Nonequilibrium MD (NEMD) simulations of vapor condensation onto a solid substrate without bulk flow were conducted for a closed system by Yi et al. (2002) , whereas He et al. (2009) In the present simulations, NEMD method is employed to investigate condensing force driven flow system at a nanoscale level. The aim of this work is to characterize nanoscale heat transport in a two-phase flow through a nanochannel by employing a robust molecular simulation method. Precisely, we consider flow of argon vapor through a nanochannel, with silver walls maintained at a low temperature, in a direction parallel to the walls, resulting in a condensing flow. The simulation is designed so that flow develops from initial unsteady transient state to a quasisteady state over the simulation period. In a nanoscale thermal transport, interfacial thermal resistance (Swartz and Pohl, 1989 ) is important for its characteristics, which differ significantly from that in macroscales (Liu and Garimella, 2004) . The structural details of a nanoscale interface have a significant influence on local thermal properties (Chaudhuri et al., 2007) . Depending on interaction strength between solid and fluid atoms, density or layering thickness varies (Henderson and van Swol, 1984) , which has been analyzed experimentally by Yu et al. (2000) . Eastman et al. (2004) reported that thermal transport across nanoscale interface is influenced by locally large surface area to volume ratio. Parameters such as temperature and wettability or fluid-wall interactions affect structural ordering of molecules at interfaces, thereby inducing thermal discontinuity (Khare et al., 2006) . This discontinuity gives rise to interfacial contact resistance, also known as Kapitza resistance (Kapitza, 1941) , which has strong impact on microscale engi-neering applications. It influences efficient nanoscale energy transfer in microscale heat exchangers. At the nanoscale resolution, the interfacial thermal resistance in a force driven flow at liquid-solid depends on many parameters such as fluid-wall interaction, surface structure and temperature (Kim and Beskok, 2008; Balasubramanian and Banerjee, 2008) , but the data with respect to the impact of these parameters on the heat transfer of phase change processes are rare. In this work, we have studied the heat transfer characteristics of a condensing flow through a nanochannel. To this end, maintaining unsteady condensation for a considerable period of time is required, and for this purpose a simple molecular insertion method is developed and tested. Special attention is given to thermodynamic modeling of phase transition correctly. The present work shows simulation of vapor condensation flow in a nanochannel with some interesting results.
The remainder of the paper is organized as follows. An introduction to molecular dynamics and description of the present simulation model are given in Section 2. Section 3 focuses on the molecular insertion model proposed in this work for an accurate modeling of phase change flow through a nanochannel. In Section 4, we define the computational domain and the simulation parameters used in this work. The results are discussed in Section 5, and finally conclusions are presented in Section 6.
SIMULATION MODEL
MD method is a fundamental technique that obtains trajectories of particles based on the laws of classical mechanics. We employed nonequilibrium MD method, which is an efficacious method to model transient heat transport explicitly. The system comprises two parallel solid silver walls with argon liquid-vapor flow in between, as schematically shown in Fig. 1(a) . The Lennard-Jones (L-J) potential is used to model the interactions between fluid particles and fluid-wall particles within the atomistic domain and it is represented through L-J 12-6 potential U(r) = 4ε [(σ/r) 12 -(σ/r) 6 ], where r is defined as intermolecular distance, ε is potential well depth, and σ is zero potential distance. Parameters for Ar-Ar (Liu and Li, 2010) and Ag-Ag (Guan et al., 1996) interaction are listed in Table 1 . The Lorentz-Berthelot mixing rule (Yezdimer et al., 2001 ) is applied to calculate the L-J parameters for the fluid-wall interactions. Wall molecules can be modeled in various ways in MD. One of the models is spring model, based on modeling of solid atoms using harmonic potential function in place of solid atoms tethered to their equilibrium positions. We employed a more realistic method EAM (embedded atom model) (Daw and Foiles, 1993; Johnson and Oh, 1989) , which works especially well for face-centric cubic (fcc) structures. EAM is a multibody potential by using contributions from embedding and pair energy, which is not a feature in pair potential models. The relevant parameters for the EAM model are obtained from the available literature for silver (Williams et al., 2006) . The initial configuration of wall is obtained using fcc structure of type <100> with a lattice constant equal to 4.086Å. The outermost layers of both silver walls are fixed to maintain a stable system and atoms in the rest of the domain are free to move. The overall dimensions in the x, y, and z directions are 245, 120, and 50Å, respectively. The distance between two innermost wall layers as channel width is 80Å and the length of the channel in the x and z directions is 245 and 50Å, respectively. Figure 1(b) illustrates a snapshot of the simulation domain. The planar walls are parallel to the y direction. The boundary conditions in the x direction are nonperiodic, i.e., at the inlet and outlet of the channel, whereas they are periodic in the y and z directions. The wall temperature is controlled independently at each time step by scaling the atom velocities maintaining constant wall temperature T w at a desired value, whereas fluid can only exchange heat by collisions. Velocity rescaling method may cause unrealistic heat removal from the wall. However, according to the work of Liu and Li (2010) , the temperature distribution of the fluid is insensitive to the method of thermostat scheme. The cutoff distances for both fluid-fluid and fluid-solid interactions are kept at roughly four argon molecular diameter, 14Å.
For evaluating temperature of the fluid, calculation is done based on thermal motion of fluid particles by dividing the fluid domain into 20 slab bins for temperature distribution to calculate the correct temperature of fluid at interface for thermal resistance. The Irving-Kirkwood (1950) expression is utilized to compute the heat flux vector for N particle system as follows:
where J denotes heat flux vector, and the first term on the righthand side is the peratom energy (potential and kinetic). The second term represents energy transfer to particle by force interaction with surrounding particles. For a given heat flux J the jump in the temperature between the wall and fluid near the wall ∆T can be associated with interfacial thermal resistance also known as Kapitza resistance R k , where it is estimated by
MOLECULAR INSERTION MODEL
To keep condensation sustained in MD simulation, one important requirement is to maintain steady flow condition at the entrance of the channel with constant mass flux supply to the condensation zone. To this end, extra vapor molecules should be inserted whenever needed with an efficient mechanism, which gives simulation model a feature as if it is connected to large vapor bulk. The molecule insertion method should be flexible to cover the requirement of unsteady condensation method. Meland et al. (2002) proposed a method to study net evaporation and condensation maintaining steady state on a flat plate. Their method was based upon extraction of vapor molecules and inserting them to liquid bulk to keep the steady-state evaporation. Molecules were simply inserted in the center of the triangle formed by one molecule and its two nearest neighbors. In the condensing flow situation considered here, the molecule should enter the channel in vapor phase corresponding to bulk thermodynamic properties. As Meland et al. (2002) suggested, molecules should not be too close to each other at entrance that would affect equilibration requirement at the entrance. Having molecules in close proximity can also induce huge unphysical repulsive forces on each other and could probably escape the domain, thereby causing errors. With the considerations mentioned above, a simple molecule insertion method is proposed and is described as follows. We divided the simulation domain into two parts as shown in Fig. 1 , the first being an insertion region that serves as supplemental region for the simulation domain. The molecules are introduced in the insertion region only and therefore this region is not included in the analysis of condensation flow and only behaves like a vapor bulk region that supplies fluid molecules to the main channel. The second region, called the condensation region, serves as the main numerical simulation region with constant mass flux supply to it over a period of time. The region that is under consideration is only the condensation region as shown in Fig. 1(b) . The number of molecules to be inserted every time step should be decided based on mass flux consideration and to achieve a desired number density in the condensation region. To insert a molecule, a random point in the insertion region is chosen. The random point must be checked for a condition so that the inserted molecule is not too close to the nearby molecules thereby giving rise to unphysical repulsive forces. In the simulation domain, molecules are introduced in the insertion region by leaving some distance from the condensation region to give some time for them to get in equilibration. The distance is about 10Å. The simulation domain should be arranged such that the possibility of a particle escaping the surface and flying outside the domain should be negligible. The distance r ij between the neighboring molecule j, and a new inserted molecule i, should be determined from the radial distribution function that provides a physical basis for the molecular insertion method. If the distance of neighboring molecules is more than this value, then the new particle will be successfully inserted. In a case when the distance of neighboring molecules is smaller than critical r ij , then it will attempt to check the specific number of random positions from all possible positions at the current time step. The whole mechanism would eventually provide a suitable position to satisfy the required condition.
Velocities of molecules to be inserted are sampled based on the Maxwell-Boltzmann distribution at prevailing flow temperature, and subsequently velocity rescaling is done so as to impart physically equilibrated velocity components to inserted molecules. Wall atoms in the insertion region are also rescaled at the specified temperature. After the particle is inserted, a constant force will be applied on it toward the flow direction. The condensation region is the analyzed region wherein flow and heat transfer characteristics are investigated. The wall in this region is maintained at a low temperature for different cases through velocity rescaling.
The numerical validation of this molecule insertion method is an important task. For this purpose, we have chosen a problem of single-phase steady force driven flow. This problem can be simulated with the periodic boundary condition (PBC) because it is steady and there is no phase change. The simulation parameters are chosen to be the same as mentioned above for this case study. The molecular insertion model will have the same temperature for both condensation region wall and insertion region wall. The similar model with periodic boundary conditions consists only of condensation region as its numerical domain.
The molecule insertion model and PBC model are compared for wall heat flux resulting from force driven flow. Wall temperature is maintained at 150 K. The other simulation parameters are the same as for the two-phase flow simulation case studies. For the PBC model, the simulation was carried out for equilibration for approximately 1000 ps and afterward for a production run for another 5000 ps. The molecule insertion model has an equilibration time of 4000 ps and afterward a production run of 5000 ps. The mean of wall heat flux resulting from PBC and molecule insertion model over the time period are 2.166 × 10 12 and 2.211 × 10 12 W/m 2 , respectively. From these data, it can be concluded that the molecule insertion method is sufficiently accurate, and could be used to carry out the heat transfer characteristics for a phase change flow through a nanochannel, which is the subject of present study.
SIMULATION PARAMETERS
The simulation is designed so that flow develops from an initial unsteady transient state to a quasi-steady state over the simulation period to fulfill the requirement of maintaining unsteady condensation for a considerable period of time. The simulation domain is divided into two parts, the first being an insertion region that serves as a supplemental region and the other a condensation region as shown in Fig. 1(b) . The insertion region is ranging from 0-50Å in the x direction, whereas the condensation region extends from 50-245Å, as schematically shown in Fig. 1(b) . The whole simulation time consists of three consecutive stages to perform efficient numerical simulation. In the first stage of simulation, which is spanning 4 ns, the simulation is initialized corresponding to the Maxwell-Boltzmann distribution of all fluid molecule velocities at 150 K. During this period, the wall temperature in condensation and insertion region was also set at 150 K. A force of magnitude 1.602 × 10 −3 nN is applied on each fluid molecule in the positive x direction, and the flow is allowed to reach an initial equilibrium state for which the entire system is at a uniform temperature of 150 K. The equilibration time is sufficient enough to reduce statistical fluctuations in the numerical flow domain.
In the second stage, the simulation was carried out for another 1 ns performed with the same physical parameters. In this period of time, the system achieved steady state of fully developed flow after equilibration and heat transport properties are analyzed during this run. In the final stage, the wall temperature is lowered to a range of values by velocity rescaling in the condensation region to induce phase change starting from wall, and kept constant over the rest of the simulation period. In order to obtain transient fields and profiles, the condensation region of the simulation domain is divided into 20 slab bins along the y direction and 10 bins along the x direction. The data are analyzed for the last 20 slab bins at the outlet of the channel and subsequently time averaging is carried out every 50 ps. Our MD simulations are carried out using LAMMPS (Large-scale Atomic/Molecular Massively Parallel Simulator), a molecular dynamics code from Sandia National Laboratories (1995) with the time step taken as 1 fs.
RESULTS AND DISCUSSION
In this section, we present MD simulation results for heat transport properties of argon phase change flow subjected to different temperature and wall-fluid interactions. The simulations were done for varying wall temperature and wall interactions in the condensation region. A total of five simulation cases were done for wall temperatures of 60, 70, 80, 90, and 100 K, with a wall-fluid interaction, ε Ag−Ar , calculated by the mixing rule, and three cases for varying wall-fluid interaction values of ε s−f = 0.5ε Ag−Ar , 0.75ε Ag−Ar , and ε Ag−Ar at a wall temperature of 80 K. The cases are listed in Table 2 .
The temperature of the wall is reduced and the temperature gradient between the wall and vapor induces nonequilibrium condensation to start, causing the system to go through an unsteady period after which a quasi-steady state is reached. Figure 2 shows the temporal variations in the number of fluid molecules over and above those at time t = 0, N f −N f 0 , where N f is the number of fluid molecules at time t, N f 0 is the same at t = 0 corresponding to the beginning of the condensation period. The number of fluid molecules increases intensively in the beginning, but after some transient period, it attains an almost constant value. As the temperature of the wall decreases, the number of molecules added to the domain gets higher. At the same time, because of the lower temperature of the wall, more intense condensation will occur on the surface and hence it will produce a thicker layer of liquid at the wall surface, as reflected from the figure. Although to some extent obvious, but noteworthy is also the fact that the time taken to reach the quasi-steady state increases. The temporal profile of condensation process averaged over all bins in Fig. 3 . It corresponds to case 3 of Table 2 , wherein the wall temperature is 80 K. It can be seen that the temperature of the fluid approaches that of the channel wall in the condensation region. The figure also shows unsteady characteristics in fluid flow with fluctuations associated with the phase change pattern. It can be observed that even after reasonable ensemble averaging, the statistical and thermal fluctuations remain present because of the unsteady nature of the problem. These fluctuations can be explained by a sudden temperature drop of the wall during the condensation period, which causes vapor molecules to move toward the wall that in turn get bounced back from wall or liquid film and hence exchange large momentum. After achieving quasi-steady state, flow velocity profile across the channel width is shown in Fig. 4 averaged over 4.9-5 ns with varying wall temperature. It can be observed from this figure that a lower wall temperature results in a smaller flow velocity because of larger energy exchanged with the wall. At the same time, it can be seen that the liquid layer gets thicker as the wall temperature decreases, causing a larger shear force on the fluid layer that in turn results in a lower flow velocity. Figure 5 shows the averaged number density profile of the fluid with changing wall temperature, and confirms the same behavior as mentioned above. The increased density effect near the wall is referred to as wetting of the surface. It is energetically much more favorable for a particle to be near the wall, even though sticking to the wall is entropically unfavorable. It happens because close to the wall it has more near-neighbors and thus more negative energy contributions than in the gas phase. After the first layer gets saturated, a second layer starts forming. Because of layering of molecules, there occurs density oscillations, the amplitude of which decreases with increasing distance. As the wall temperature decreases, liquid layering closer to the wall gets more prominent and hence higher amplitude and more oscillations occur. Figure 6 shows flow velocity profile across the channel width averaged over 4.9-5 ns with varying wall-fluid interaction. It can be seen that varying wall-fluid interaction has a strong effect on flow properties. A higher value of wall-fluid interaction strength makes the fluid velocity peak lower and steeper from the wall. A lower value of wall-fluid interaction shows a higher peak of fluid velocity and it corresponds to a less steep value from the wall. These results confirm the effect of wall-fluid interaction, i.e., it corresponds to a greater clustering of fluid molecules close to wall, making liquid layers thicker.
In order to analyze heat transfer characteristics, we have studied the influence of wall temperature and wall-fluid interactions. Figure 7 shows heat flux in the wall and fluid regime and thermal resistance at the liquid-wall interface for different wall temperatures. It can be seen that increasing the wall temperature leads to an increased value of heat flux in the flow and wall. According to study on the effect of ordering near the wall on heat flux, layering of the liquid near the wall does not enhance thermal transport (Xue et al., 2004) . A higher wall temperature leads to less intense liquid layering close to the wall. This explains the effect of wall temperature on the heat transport.
The temperature jump is calculated from the temperature profile and is utilized to calculate thermal resistance at interfaces. Temperature jumps are sensitive to the number of bins into the flow domain, for that optimal number of temperature bins are selected based on numerical experiments. Figure 8 shows that increased wall-fluid interaction leads to a slightly decreased value of heat flux in the wall and flow regime at the same temperature. The higher the attraction with the wall, the fewer molecules are in bulk, which results in enhanced ordering at the wall-liquid interface and hence reduces thermal transport (Xue et al., 2004) . 
CONCLUSIONS
Nonequilibrium MD simulation was successfully employed to study heat transport and flow properties of two-phase flow through a nanochannel. For the unsteady condensation period, transient fields and profiles are presented. The results have shown the dependency of these properties on the wall temperature and wall-fluid interaction in a cogent manner. It has been observed that the flow properties are strongly affected by wall temperature value in the twophase flows, whereas heat flux and thermal resistance are also affected by wall temperature. The flow properties are comparatively less affected by wall-fluid interactions.
